The yeast SWI/SNF complex alters nucleosome structure in an ATP-dependent reaction, and SWI/SNF activity can lead to the relief of chromatin-mediated repression of transcription (for reviews, see references 30, 50, 64, and 70) . SWI/SNF is part of a large family of ATP-dependent chromatin remodeling enzymes, which have been purified and characterized from yeast, Drosophila, Xenopus, and human sources. Yeast SWI/ SNF consists of 11 identified subunits, including a highly conserved ATPase, Swi2/Snf2. A major consequence of SWI/SNF action is the increased accessibility of transcription factors to nucleosomal DNA (10) . The complex is able to catalyze the movement of histones along DNA in cis, as well as the displacement of histones from DNA in trans (47, 51, 68) . Recently, it was shown that SWI/SNF generates superhelical torsion within linear DNA fragments and changes in DNA twist, providing a means for the repositioning of nucleosomes along DNA (17, 24) . Yeast SWI/SNF is able to bind to both DNA and nucleosomes; however, it does so without sequence specificity (9, 52) . DNA expression microarray analysis has shown that levels of only a subset (ca. 5%) of yeast genes are affected by the loss of SWI/SNF ATPase activity, including the acid phosphatase and mating-type specific genes (25, 56) . Many recent studies have indicated that yeast SWI/SNF and its human counterparts are able to interact with sequence-specific transcription factors, which may recruit the complex to specific genes. A human SWI/SNF complex, E-RC1, functionally and physically interacts with erythroid Krüppel-like factor (EKLF) to increase transcription of the ␤-globin gene (2, 27, 36) , and C/EBP␤ interacts with hSWI/SNF to activate myeloid genes (33) . Recently, BRG1-containing hSWI/SNF was shown to associate with human heat shock factor 1 (hHSF1) (57) . Interactions between SWI/SNF and the glucocorticoid receptor have also been reported (16, 45, 65, 73) .
Work from our lab and others has shown that purified yeast SWI/SNF directly interacts with the acidic activation domains of the herpesvirus VP16 protein, yeast Gcn4, and yeast Hap4 (43, 44, 74) . Yeast SWI/SNF does not interact with glutaminerich or proline-rich activators (44, 74) . Additionally, the yeast activator Swi5 has been shown to interact directly with SWI/ SNF in vitro and to recruit the complex to the HO endonuclease gene in vivo (8, 35, 44) . The yeast SWI/SNF complex is able to activate transcription from chromatin templates in vitro. However, in the presence of an excess of nonspecific competitor chromatin, transcription stimulation by the complex requires an activator that can target it to the promoter (44) .
SWI/SNF has also been shown to play a role in the repression of some genes (41, 60) . Genome wide microarray analysis showed that a subset of yeast genes was upregulated by inactivation of SWI/SNF activity (25, 56) . Indeed, it was reported that yeast SWI/SNF can interact with gene-specific repressors (12) , suggesting that promoter-specific recruitment is a common mechanism for activation and repression of SWI/SNFregulated genes.
It is becoming apparent that many genes require the function of both ATP-dependent remodeling complexes and histone acetyltransferase (HAT) complexes for their full expression (reference 15 and references therein). Yeast HAT complexes have been shown to interact with a similar set of acidic activators as SWI/SNF (5, 61) . By itself, yeast SWI/SNF requires the continuous binding of the activator to remain associated with the promoter in vitro (23) . Importantly, histone acetylation by these HAT complexes is able to retain SWI/SNF at the promoter once the activator dissociates (23) , linking the functions of HAT complexes and SWI/SNF and indicating an importance for their sequential recruitment to the same promoter.
In this study, we determined the subunits of the yeast SWI/ SNF complex that are able to physically interact with activators. We show that three different evolutionarily conserved subunits-Snf5, Swi1, and Swi2/Snf2-can directly contact acidic activators individually, as well as when part of the intact complex.
MATERIALS AND METHODS
Purification of GST fusion proteins. Glutathione S-transferase (GST) fusion proteins were expressed in bacteria and purified essentially as described in the manufacturer's protocol (Amersham Pharmacia Biotech, Piscataway, N.J.). In brief, cells were grown to an optical density at 600 nm (OD 600 ) of ca. 1.0. GST, GST-VP16, GST-VP16⌬456, GST-Hap4, GST-Pho4FL, GST-Pho4AD, and GST-Swi5FL were induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 3 h at 37°C. GST-Gcn4 and GST-Gcn4 [3, 5, 6, 7] were induced with 0.25 mM IPTG for 4 to 6 h at 30°C. Cells were harvested and resuspended in 1ϫ phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 g of leupeptin/ml, 2 g of pepstatin A/ml, and 0.5 mM dithiothreitol (DTT). The fusion proteins were cross-linked to glutathione-Sepharose 4B with dimethylpimelimidate as described previously for coupling antibodies (22) . Protein purity and cross-linking efficiency were checked by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining. For GST pull-down experiments, protein amounts were normalized by Coomassie blue staining and compared to a titration of bovine serum albumin (BSA). For far-Western analyses, GST fusion proteins were eluted from the resin with glutathione, and protein amounts were determined by a Bradford protein assay (Bio-Rad, Hercules, Calif.). For photo-cross-linking experiments, the GST tag was cleaved from Gcn4 by using biotin-tagged Factor Xa protease (Roche Molecular Biochemicals, Geneva, Switzerland) that was subsequently removed from the Gcn4 by using streptavidin resin. The GST was separated from the Gcn4 after cleavage by using glutathione Sepharose 4B.
Affinity purification of the yeast SWI/SNF complex. Yeast SWI/SNF complex was purified from strain YJW426 (this study), which contains a COOH-terminal FLAG tag integrated at the genomic SNF6 gene in strain CY396 (10) . The Snf6 open reading frame (ORF) and ca. 1 kb of upstream sequence were amplified by PCR and cloned in frame with a COOH-terminal FLAG tag, followed by 250 bp of CYC1 downstream sequence into YIplac128. The FLAG tag was integrated by homologous recombination by using a PCR product that contained the COOH terminus of the Snf6 ORF, the FLAG tag and CYC1 terminator sequence, the LEU2 gene sequence, and the Snf6 downstream sequence. The integration of the FLAG tag at the SNF6 locus was verified by PCR. The yeast cells were grown in synthetic complete (lacking Ϫleucine) media to an OD 600 of ca. 1.0. The preparation of the whole-cell extract and purification over Ni 2ϩ -nitrilotriacetic acid (NTA) agarose was carried out as described previously (19) , except with buffers described elsewhere (38) . The 500 mM imidazole elution was directly loaded onto a 1-ml MonoQ ion-exchange column, and bound proteins were eluted with a 25-ml gradient of 100 to 500 mM NaCl MonoQ buffer (19) . Fractions were monitored for the presence of SWI/SNF complex by immunoblotting with SWI/ SNF-specific antibodies, and fractions containing SWI/SNF were pooled and incubated with 100 l of FLAG M2 agarose affinity gel (Sigma, St. Louis, Mo.). SWI/SNF was eluted in 100 l of MonoQ buffer (250 mM NaCl) containing 0.5 mg of FLAG peptide/ml. The FLAG resin was incubated with the FLAG peptide for ca. 45 min, while being mixed on a wheel at 4°C, and the elution was repeated three more times. The purity of the complex was examined by SDS-PAGE and silver staining. The approximate concentration of SWI/SNF complex in each fraction was determined by using quantitative Western blotting and comparing it to a standard curve of recombinant GST-Taf II 30.
Photo-cross-linking label transfer assays. Photo-cross-linking experiments were done as described previously (1), with the following variations. Recombinant GST-Hap4, Gcn4, and GST were incubated with 30 eq of Sulfo-SBED {sulfosuccinimidyl [2-6-(biotinamido)-2-(p-azidobenzamido)-hexanoamido] ethyl-1,3Ј-dithiopropionate; Pierce, Rockford, Ill.} in dimethyl fluoride to conjugate the cross-linking reagent to the activator. The excess cross-linking reagent was removed from the GST-Hap4 and Gcn4 by MonoQ ion-exchange chromatography. GST-Hap4 and Gcn4 bound the column and were eluted with a salt step gradient. Fractions containing peak amounts of activator were determined by immunoblotting with streptavidin-horseradish peroxidase (HRP), which recognizes the biotin tag on the cross-linking reagent. GST that was conjugated with Sulfo-SBED was separated from excess cross-linking reagent by running through a G25 Sepharose spin column. The conjugated activator (ca. 40 nM of GSTHap4 and 60 nM of GST as the negative control) and a 300 nM concentration of Gcn4 was mixed in a 1.5-ml microfuge tube with affinity-purified SWI/SNF complex (30 to 100 nM) in a pull-down buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 10% glycerol; 0.1% Tween 20) in a 20-l reaction mixture. The reaction mixture was exposed to UV light (XX-15B lamp; Spectroline, Westbury, N.Y.) at a distance of 6 cm for 8 min at room temperature. A quantity of 4ϫ SDS sample buffer (lacking DTT and ␤-mercaptoethanol) containing 8 mM N-ethylmaleimide (in dimethyl fluoride) was added, and the reaction mixtures were incubated for 10 min at room temperature. DTT was added to a final concentration of 100 mM, and 18 l of each reaction mixture was loaded on a 4 to 15% (or 5%, Fig.  3B ) polyacrylamide gel. The proteins were transferred to polyvinylidene difluoride (PVDF) membrane, blocked for 30 min with 3% BSA (in PBS-Tween 20 [PBS-T]), and probed with a 1:3,000 dilution of streptavidin-HRP (Gibco-BRL, Rockville, Md.) for 1 h. After the proteins were rinsed with PBS-T, the blot was incubated with 2% milk for 30 min, which helps to reduce the background. Finally, the blots were rinsed again in PBS-T and developed by enhanced chemiluminescence (Amersham Pharmacia Biotech). The blots were stripped prior to probing with SWI/SNF-specific antisera by incubating the blots in 62.5 mM Tris (pH 6.8), 2% SDS, and 100 mM ␤-mercaptoethanol for 10 min at 50°C, while rotating the blots in a hybridization oven. It seems that a percentage of activator bound subunit is resistant to DTT cleavage, since there is a reduction in the SWI/SNF subunit signal after exposure to UV light. This is most notable for the Swi2/Snf2 subunit, which actually runs as a doublet after exposure to UV light (Fig. 2C, lanes 4 and 12) . The slower-migrating product most likely represents Swi2/Snf2 that remains covalently attached to the activator.
Identification of photo-cross-linked products was confirmed by streptavidinagarose pull-down analyses under denaturing conditions. Photo-cross-linking reactions were carried out as described above, except following UV exposure, a 4ϫ SDS sample buffer (lacking bromophenol blue dye, DTT, and ␤-mercaptoethanol) containing 8 mM N-ethylmaleimide was added, in which the final SDS concentration was ca. 2%. DTT was then added as described above to a final concentration of 100 mM. The samples were then heated to 95°C for 5 min and cooled slowly to room temperature. Twenty volumes of radioimmunoprecipitation assay (RIPA) buffer (lacking SDS) (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 50 mM Tris [pH 8.0]), including 1 mM PMSF, 2 g of pepstatin A/ml, and 2 g of leupeptin/ml, were added to each reaction. The final concentration of SDS was then brought up to ca. 0.5%. The reaction mixtures were then incubated with streptavidin-agarose beads (ImmunoPure Immobilized Streptavidin; Pierce) that were previously washed in RIPA buffer and mixed gently overnight on a wheel at 4°C. The beads were washed three times in RIPA buffer, and the protein associated with the beads was loaded on a 4 to 15% polyacrylamide gel and transferred to a PVDF membrane, and the presence of SWI/SNF subunits was detected by using SWI/SNF-specific antisera.
SWI/SNF subunit constructs and in vitro transcription and/or translation. Each SWI/SNF gene was amplified by PCR from yeast genomic DNA. The ORF sequences were cloned in frame into the vector pRSETA (Invitrogen, Carlsbad, Calif.), which contains a T7 promoter and an amino-terminal His 6 tag. The proteins were expressed with T7 polymerase by using a TNT-coupled reticulocyte lysate system (Promega, Madison, Wis.) that generated [
35 S]methionine-labeled product. The reactions were carried out as described in the manufacturer's protocol, with 1 g of DNA in each reaction. The translated proteins were analyzed by SDS-PAGE and fluorography (En 3 Hance was from NEN Life Science Products, Boston, Mass.).
GST pull-down assays. GST fusion proteins (3 to 6 g) cross-linked to glutathione-Sepharose 4B resin were incubated with 5 l of the reticulocyte lysate reaction mixture containing a labeled SWI/SNF subunit in a pull-down buffer (50 mM HEPES, pH 7.5; 1 mM EDTA; 150 mM NaCl; 10% glycerol; 0.1% Tween 20; 0.5 mM DTT; 1 mM PMSF; 2 g of leupeptin/ml; 2 g of pepstatin A/ml) for at least 2 h at 4°C, while being mixed on a rotating wheel. The beads were washed three times with pull-down buffer and resuspended in 1ϫ SDS loading dye. A total of 50% of the input and supernatants and 100% of the proteins associated with the beads were subjected to SDS-PAGE and fluorography, and radiolabeled SWI/SNF subunits were visualized by autoradiography. GST pull-down assays from yeast whole-cell extracts were done similarly, except that 500 g of total yeast protein was incubated with the GST fusion proteins and the presence of SWI/SNF in the supernatant or associated with the beads was monitored by immunoblotting. In the experiment shown in Fig. 7A , affinity-purified SWI/SNF complex was added with the GST fusion proteins, and the presence of SWI/SNF in the supernatants or associated with the beads was detected by immunoblotting with SWI/SNF-specific antisera.
Far-Western assays. Far-Western assays were done primarily as described previously (37) . Approximately 6 g of each GST fusion protein was subjected to SDS-PAGE and transferred to a PVDF membrane. The protein blot was denatured, renatured, and blocked with BSA prior to incubation in a 20-ml volume of 2% milk supplemented with a 50-l reticulocyte lysate transcription and translation reaction mixture containing a 35 S-labeled SWI/SNF subunit. After multiple washes, the blot was dried, and protein-protein interactions were visualized by autoradiography. The signal was enhanced by using a low-energy-intensifying screen (Kodak).
RESULTS
Targets for acidic activators within intact SWI/SNF complex. To determine the subunits of the SWI/SNF complex mediating its interaction with acidic activation domains, we utilized a photo-cross-linking affinity label transfer method. This method was recently used to determine that Tra1 was a target of activators within the SAGA and NuA4 yeast HAT complexes (1, 5) . A similar strategy was previously used to establish Srb4 as an activator target within RNA polymerase II holoenzyme (32) . For these experiments, we used highly purified yeast SWI/SNF complex prepared by using a double affinity purification method (Fig. 1A) . A COOH-terminal FLAG tag was integrated at the SNF6 locus in strain CY396, which contains a COOH-terminal HA and histidine tag on the Swi2/ Snf2 subunit (10) . The whole-cell extract was purified over Ni 2ϩ -NTA agarose, followed by ion-exchange chromatography. Peak fractions that contained SWI/SNF were pooled and incubated with FLAG M2 agarose affinity gel and subsequently eluted with FLAG peptide. The SWI/SNF from this purification is largely free of contaminating proteins as determined by SDS-PAGE and silver staining (Fig. 1B, lanes 2 and 3) .
For the photo-cross-linking experiments, we used the crosslinking reagent Sulfo-SBED, which is composed of a sulfo-NHS ester that specifically reacts with lysines, a photoactivatable arylazide, a disulfide bond, and a biotin label ( Fig. 2A) (Pierce). A schematic of the photo-cross-linking assay is shown in Fig. 2B . First, the photo-cross-linking reagent was conjugated to lysines within the acidic activator. The purified conjugated activator was then incubated with affinity-purified SWI/SNF complex ( Fig. 1 ) and exposed to UV light (312 nm). Upon UV exposure, the arylazide forms a covalent linkage with SWI/SNF subunits that are located within ca. 20 Å of the site of interaction. The disulfide bond is then reduced with DTT, separating the activator from the biotin arylazide on any SWI/SNF subunits that it interacted with (Fig. 2B) . The transferred biotin label is detected by immunoblotting with HRPconjugated streptavidin. We found that GST-Hap4 crosslinked to Snf5, Swi1, and Swi2/Snf2 (Fig. 2C, lane 4) .
We initially chose to conjugate GST-Hap4 with the crosslinking reagent, due to the availability of lysines within its acidic activation domain. The region of Hap4 used in this study was amino acids 330 through 554, which contains 14 lysines. Of additional note is that the GST portion of this fusion protein contains 21 lysines. The detection of the biotin-labeled (i.e., cross-linked) subunits was dependent on SWI/SNF (Fig. 2C , compare lanes 3 and 4), UV exposure (Fig. 2C, compare lanes  2 and 4) , and the addition of DTT (data not shown). The membranes were stripped and reprobed, or the remaining portion of the reaction mixture was analyzed with Snf5, Swi1, and Swi2/Snf2 (HA)-specific antibodies to indicate the mobility of these subunits by SDS-PAGE (Fig. 2C, lanes 5 through 12) . To rule out that the photo-cross-linking reagent conjugated to lysines within the GST portion of the fusion protein was leading to the biotin-labeled products, we performed the experiment with GST alone and found that it does not significantly cross-link to any SWI/SNF subunits (Fig. 2D) . The GST-Hap4 is biotin labeled (doublet at ca. 80 kDa) upon irradiation with UV light due to the dimerization of the GST portion of this fusion protein (Fig. 2C, compare lanes 1 and 2 to lanes 3 and  4) . This background precluded the detection of possible activator targets in this region of the gel. To determine whether a different yeast acidic activator contacts the same subunits within SWI/SNF or has unique subunit targets, we conjugated full-length Gcn4 with the lysine-specific cross-linking reagent. Gcn4 contains nine lysines within its acidic activation domain. We found that Snf5, Swi1, and Swi2/ Snf2 were biotin labeled when UV cross-linked with conjugated Gcn4 (Fig. 3A, lane 4) , which is the same result that we found with GST-Hap4. Again, the photo-cross-linked products were dependent on UV exposure (Fig. 3A, compare lanes 2  and 4) and the presence of the SWI/SNF complex (Fig. 3A,  compare lanes 3 and 4) . Gcn4 contains a leucine zipper domain that allows dimerization, leading to the background biotin labeling of Gcn4 itself. The membranes were stripped and im- (Fig. 3A, lanes 5 through 8) .
These results demonstrate that two yeast activators, Hap4 and Gcn4, contact the same three subunits within the native SWI/ SNF complex. The Snf5 and Swi3 subunits of yeast SWI/SNF run very close together on the 4 to 15% polyacrylamide gradient gels used in the above photo-cross-linking experiments (see Fig. 1, lanes 2  and 3) . To examine whether Swi3 is an additional target for acidic activators within yeast SWI/SNF, the photo-cross-linking experiment above was repeated, followed by separation of the proteins on a 5% polyacrylamide gel. Snf5 and Swi3 were clearly separated as indicated by silver staining of the purified SWI/SNF complex used in the reaction (Fig. 3B, lane 7) . We found that Snf5, along with Swi1 and Swi2/Snf2, were crosslinked by conjugated Gcn4, whereas Swi3 was not significantly biotin labeled (Fig. 3B, lane 2) . The membrane was subsequently immunoblotted with Snf5-and Swi3-specific antisera to indicate the mobility of these two SWI/SNF subunits (Fig.  3B, lanes 4 and 6) .
As an additional approach to confirm the identity of the subunits that are biotin labeled during the photo-cross-linking experiments, we used a denaturing pull-down assay. The photo-cross-linking reaction was carried out as in Fig. 3A and B with the Gcn4 activator. After exposure to UV light, the reaction mixtures were heat denatured and incubated with streptavidin-agarose beads. Subunits that were biotin labeled during the photo-cross-linking reaction were able to associate with the streptavidin resin. The proteins associated with the bead fraction were then separated on a 4 to 15% polyacrylamide gel and transferred to a PVDF membrane, followed by immunoblotting with SWI/SNF-specific antisera. We found that both the Snf5 and Swi2/Snf2 subunits are pulled down with the streptavidin-agarose, whereas other SWI/SNF subunits, Arp7 and Taf II 30, are not (Fig. 4) . The presence of Snf5 and Swi2/Snf2 associated with the beads is dependent on both UV exposure (Fig. 4, compare lanes 3 and 5) and the presence of SWI/SNF complex (Fig. 4, compare lanes 4 and 5) . Double affinitypurified SWI/SNF complex is used as a control for the Western analysis in this experiment and represents the approximate amount of complex that was put into the initial photo-crosslinking reactions (Fig. 4, lane 1) . The Swi1 antibody was barely able to detect the Swi1 present in the input lane, so Swi1 was not picked up in the experimental lanes (data not shown). The strength of the antisera is a critical variable in this assay. We conclude that this approach strengthens our finding that Snf5 and Swi2/Snf2 are targets for acidic transcription activators.
Individual interaction of Snf5, Swi1, and Swi2/Snf2 with acidic activators. The cross-linking data presented above indicate that Snf5, Swi1, and Swi2/Snf2 are all contacted or are in close proximity to activators bound to the SWI/SNF complex. To determine which of these subunits actually contributes di- Fig. 3 were heat denatured in the presence of SDS, followed by incubation with streptavidin-agarose beads. The precipitated material was separated on an SDS-4 to 15% gradient polyacrylamide gel, transferred to PVDF, and immunoblotted with SWI/SNF-specific antisera.
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rectly to activator binding, we tested recombinant forms of these and other SWI/SNF subunits individually for activator interaction. The ORF of each subunit was amplified from yeast genomic DNA by PCR, cloned under the control of the T7 promoter, and expressed by using an in vitro transcription and translation system. Radiolabeled methionine was incorporated into the proteins during translation with a rabbit reticulocyte lysate. To test the ability of each subunit to interact with acidic activators, we used GST pull-down assays. GST activation domain fusion proteins were incubated with radiolabeled SWI/ SNF subunits, and the presence of the SWI/SNF subunit in the supernatant or associated with the GST activator-bound beads was detected by fluorography. Snf5, Swi1, and Swi2/Snf2 interacted with the activation domain of VP16 (amino acids 413 to 490), as well as the fulllength yeast activator, Gcn4, as indicated by the presence of each radiolabeled subunit in the bound fraction (Fig. 5A, lanes  5 and 7) . The same three subunits were also able to interact with the acidic activation domain of yeast Hap4 (amino acids 330 to 554) (Fig. 5B, lane 5) . The Snf6 subunit interacted weakly with acidic activators by using this assay. We were unable to clone the Swp82 subunit, because the sequence is unpublished (B. Cairns, unpublished data). As an alternative, the SWI/SNF complex present in a swp82⌬ strain was analyzed for its ability to interact with activators. Whole-cell extracts were prepared from both a wild-type and swp82⌬ strain and GST pull-down assays were performed. GST-acidic activator fusion proteins were able to pull down SWI/SNF subunits from both extracts (data not shown), suggesting that Swp82 was not critical for the interaction of SWI/SNF and the activators tested. However, due to the possible redundancy among subunits, we cannot rule out that Swp82 contributes to activator interaction.
To confirm the results of the GST pull-down experiments, we also examined the ability of SWI/SNF subunits to interact with acidic activators by far-Western analysis. GST-activator fusion proteins were separated by SDS-PAGE and transferred to a PVDF membrane. The proteins were subjected to a series of guanidine-HCl incubations for renaturation, and then the membranes were incubated with a rabbit reticulocyte lysate reaction mixture containing a radiolabeled SWI/SNF subunit. Snf5, Swi1, and Swi2/Snf2 were able to interact with both the activation domain of VP16 and full-length Gcn4, which is consistent with our pull-down results (Fig. 6 , lanes 7 and 9 for Snf5, lanes 12 and 14 for Swi2/Snf2, and lanes 22 and 24 for Swi1). Preparations of GST-Gcn4 contain two major products (Fig. 6, lanes 4 and 5) , and both have been reported to contain the activation domain (43) . Snf5, Swi1, and Swi2/Snf2 all appear to interact more strongly with the full-length activator. Swi3 and Snf6 did not significantly interact with either VP16 or Gcn4 (Fig. 6 , lanes 17 and 19 for Swi3 and lanes 27 and 29 for Snf6). The Coomassie blue-stained gel indicates the mobility of each fusion protein on SDS-PAGE (Fig. 6, lanes 1 to 5) .
Effect of activation domain mutations on the interaction of FIG. 5 . Interaction of Snf5, Swi1, and Swi2/Snf2 with acidic activators but not with activation domain mutants by GST pull-down analysis. (A) GST pull-down assays were performed with the GST fusion proteins indicated bound to glutathione-Sepharose beads and individually expressed 35 S-labeled SWI/SNF subunits. A total of 50% of each input and supernatant (S) and 100% of the proteins associated with the beads (B) were loaded on SDS-8, 10, or 12% polyacrylamide gels, depending on the size of the labeled subunit. The gels were fixed, enhanced, and dried, and radiolabeled proteins were visualized by autoradiography. (B) GST pull-down assays were performed as for panel A, with GST or GST-Hap4 (amino acids 330 through 554) and the 35 S-labeled SWI/SNF subunits indicated. (C) GST pull-down assays were performed as for panels A and B, with the GST fusion proteins and 35 S-labeled SWI/SNF subunits indicated. Gcn4 [3, 5, 6, 7] contains mutations in hydrophobic residues within its activation domain that reduce its activation potential. Snf5, Swi1, and Swi2/Snf2 with acidic activators. It has previously been shown that mutations in the activation domains of transcription activators reduced or eliminated interaction with the SWI/SNF complex (43, 44) . In this study, we demonstrate that the interaction of individual SWI/SNF subunits with activators was also affected by the same mutations, indicating that these interactions are specific. A COOH-terminal truncated form of the VP16 activation domain (VP16⌬456), known to reduce the transcriptional activity of Gal4-VP16 to 30 to 50% of that of the wild type (3, 59) , was unable to interact with Snf5, Swi1, and Swi2/Snf2 as determined by far-Western analysis (Fig. 6 , compare lanes 7 and 8 for Snf5, lanes 12 and 13 for Swi2/Snf2, and lanes 22 and 23 for Swi1). Additionally, GST-VP16⌬456 did not interact with these subunits as determined by pull-down assays (data not shown). Hydrophobic cluster mutations within the Gcn4 activation domain have been shown to affect its transcriptional activity (13, 26) . Gcn4 [3, 5, 6, 7] , a mutant that has 10 hydrophobic residues within the activation domain changed to alanines, was previously shown to reduce the interaction of Gcn4 with purified SWI/SNF and with SWI/ SNF complex in yeast whole-cell extracts (43) . We found that these mutations also diminished the interaction of Gcn4 with the individual subunits Snf5, Swi1, and Swi2/Snf2 in both pulldown and far-Western experiments (Fig. 5C, compare lanes 5  and 7; Fig. 6 , compare lanes 9 and 10 for Snf5, lanes 14 and 15 for Swi2/Snf2, and lanes 24 and 25 for Swi1). The finding that the same activator mutations affect interactions with three different subunits in a similar manner suggests that there might be a common mechanism of recruitment.
Interaction of SWI/SNF subunits with the yeast Pho4 and Swi5 activators. We extended our study by investigating the interaction of SWI/SNF with the yeast activators, Pho4 and Swi5, which associate with SWI/SNF-dependent genes (for examples, see references 8, 20, and 34). Genome-wide microarray gene expression analysis has found that many genes in the acid phosphatase family are downregulated in yeast strains deficient in SWI/SNF activity (25, 56) . For example, the expression of PHO84, which encodes a high-affinity phosphate transporter, was found to be reduced 10-or 30-fold in rich media in two independent studies (25, 56) . PHO84 is regulated by the Pho4 activator and, in addition, the expression of two other Pho4-dependent genes encoding secreted acid phosphatases, PHO11 and PHO12, is also reduced in a Swi2/Snf2 mutant (25, 56) . The PHO8 gene is another example of a Pho4-dependent gene that also requires SWI/SNF to alter the chromatin structure of its promoter (20) . The cell cycle-regulated yeast Swi5 activator has been shown to bind the upstream region of the HO endonuclease gene, and there is strong evidence that this activator is responsible for recruiting the SWI/ SNF complex to the HO promoter (8, 44) .
We set out to determine whether similar SWI/SNF subunits that contacted Gcn4, Hap4, and VP16 were also targets for Pho4 and Swi5. First, to demonstrate that the acidic Pho4 activator was able to directly interact with purified SWI/SNF complex, we used GST pull-down assays. We tested both fulllength Pho4 (amino acids 1 through 312) and a region consisting of amino acids 1 through 109, which contains an acidic activation domain (39, 46) . We found that affinity-purified SWI/SNF complex was able to interact with full-length Pho4 and, albeit slightly more weakly, with only the activation domain of Pho4. This is indicated by the presence of the Swi3 and Swp73 subunits of SWI/SNF associated with the GST-Pho4 beads (Fig. 7A, lanes 4 through 7) . The SWI/SNF complex did not interact with GST alone (Fig. 7A, lanes 2 and 3) and, as a positive control, the interaction between SWI/SNF and the full-length Swi5 activator is shown (Fig. 7A, lanes 8 and 9 [see also reference 44]).
Next, we used GST pull-down analysis to determine which subunits of SWI/SNF facilitate its interaction with Pho4. We found that Swi2/Snf2, Swi1, and Snf5 were each able to individually interact with full-length Pho4 (Fig. 7B, lane 5) . These results were consistent with what we observed with VP16, FIG. 6 . Interaction of Snf5, Swi1, and Swi2/Snf2 with acidic activators but not with activation domain mutants by far-Western analysis. Far-Western analysis was used to confirm the interactions of Snf5, Swi1, and Swi2/Snf2 with GST-VP16 and GST-Gcn4. GST fusion proteins were run on a SDS-10% polyacrylamide gel and transferred to PVDF membrane. After denaturation and renaturation steps, the blots were incubated with in vitro transcription and translation rabbit reticulocyte lysate reactions containing the 35 S-labeled SWI/SNF subunit indicated below each panel. A COOH-terminally truncated VP16 activation domain (GST-VP16⌬456) and full-length Gcn4 that contained hydrophobic cluster mutations in its activation domain (GST-Gcn4 [3, 5, 6, 7] ) were also tested for interaction with the 35 S-labeled subunits. The interaction of the radiolabeled subunits with the GST fusions on the blot was visualized by autoradiography.
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Gcn4, and Hap4 (see Fig. 5 ). Additionally, we found that Snf6, a subunit that interacted very weakly with VP16 and Gcn4, interacted with Pho4 (Fig. 7B, lane 5) . We also looked at the interaction of individual SWI/SNF subunits with the Swi5 activator. Again, we found that Swi2/Snf2, Swi1, Snf5, and Snf6 interacted with Swi5, in addition to a weak interaction with Swi3 (Fig. 7B, lane 7) . Thus, we conclude that the Swi2/Snf2, Swi1, and Snf5 subunits of SWI/SNF are able to interact with the Pho4 and Swi5 yeast activators, confirming the results described above for VP16, Gcn4, and Hap4. Potential interactions of Pho4 with Snf6 and Swi5 with Snf6 and Swi3 would have to be confirmed with intact SWI/SNF complex before we would consider them bona fide activator interaction subunits. These additional experiments with two activators that regulate SWI/SNF-dependent genes support the idea that there is a common mechanism of SWI/SNF recruitment by different activators and that this recruitment is mediated by a common set of SWI/SNF subunits.
DISCUSSION
Multiple activator targets within one complex. We have carried out an unbiased systematic study to determine the subunits of the yeast SWI/SNF complex that interact with transcription activators. We have demonstrated that three yeast SWI/SNF subunits, Snf5, Swi1, and Swi2/Snf2, interact directly with acidic activation domains. Importantly, each of these subunits is able to contact acidic activators while part of the intact SWI/SNF complex. Multiple targets within the same coactivator complex for activator interaction and promoter selectivity have also been suggested for TFIID complexes (6, 62) , the Drosophila Brahma complex (28) , and the yeast mediator complex (42) . It is possible that the multiple activator targets within SWI/SNF allow for promoter selectivity, where one subunit facilitates interaction with an activator at one promoter and one of the other subunits brings SWI/SNF in contact with an activator at another promoter. Also, the subunits may mediate interaction at promoters with different affinities, and a combinatorial effect allows for a stronger interaction when needed. Other possibilities are that the three subunits form an interface that is necessary for activator interaction or that one of the subunits is more important for initiating the interaction with activators in vivo and that the others work to stabilize the association of SWI/SNF with the promoter. Alternatively, these subunits may have redundant roles in SWI/SNF recruitment. It will be critical to construct activator interaction mutants of Snf5, Swi1, and Swi2/Snf2 and to make combinations of these mutations and then use them to distinguish between these different possibilities. The generation of these mutants may prove to be difficult, considering the possible redundancy among subunits. Furthermore, the deletion of these subunits is very detrimental to the integrity and function of the complex, and many subunits seem to be dependent on others for their own stability (48, 49; K. E. Neely, unpublished observations). If the activator interaction domain of a subunit overlaps the region necessary for complex integrity or catalytic activity (in the case of Swi2/Snf2), it will be hard to determine the specific effects of a block in SWI/SNF recruitment. These studies are currently under way in our laboratory, and creating an activator interaction-deficient SWI/SNF complex will allow us to test the effects of lack of recruitment on specific gene expression.
Mechanisms of SWI/SNF recruitment in yeast and humans. The role that individual SWI/SNF subunits play in the function of the complex is not clearly understood. We have begun a functional dissection of the yeast complex by determining the subunits that are involved in promoter recruitment. Snf5, Swi1, (27, 36) . A second yeast Swi2/Snf2 homolog, hBrm, directly interacts with the transactivation domain of C/EBP␤ (33) . BRG1 and hBrm are mutually exclusive within mammalian SWI/SNF complexes; however, a number of proteins are common to both hBrm-and BRG1-associated complexes (66, 67) . A recent report demonstrated that BRG1-containing SWI/SNF functionally and physically interacts with hHSF1, and acidic and hydrophobic residues in two C-terminal activation domains of hHSF1 are important for this interaction (57) . However, it still remains to be seen if hHSF1 directly interacts with BRG1 or associates with the complex via another hSWI/SNF subunit. The importance of hydrophobic residues in the interaction of hSWI/SNF with hHSF1 is consistent with the finding that hydrophobic patches in the Gcn4 activation domain are important for both interaction with yeast SWI/SNF and its transcriptional potency (13, 26, 43) . Another subunit of hSWI/SNF, hSnf5/Ini1, has recently been shown to interact with the proto-oncogene c-Myc and the viral transcriptional activator, EBNA2, via domains that are distinct from their transactivation domains (7, 71, 72) . This subunit was originally identified via a yeast two-hybrid assay as a protein that binds to the human immunodeficiency virus type 1 integrase, hence the name Ini1 (for integrase interactor 1) (29) , and by another lab due to its sequence homology to yeast Snf5 (40) .
BAF250, a yeast Swi1 homolog and component of the human SWI/SNF-A complex, directly interacts with the glucocorticoid receptor (45) . Our systematic study supports a conserved function (from yeast to humans) for the Snf5, Swi1, and Swi2/ Snf2 subunits in SWI/SNF recruitment by transcription activators. Our finding of direct interactions of these yeast SWI/SNF subunits with activators as part of native complexes demonstrates that the interacting surfaces of these subunits are indeed available for activator interactions in their natural context, which has not yet been demonstrated for their human counterparts.
Data are emerging that link two subunits of human SWI/ SNF complexes, hSnf5/Ini1 and BRG1, to cancer. Interestingly, these subunits were found in our current study, as well as in other recent studies, as targets for activators in the recruitment of SWI/SNF. This opens the possibility that improper SWI/SNF recruitment to its target genes results in the onset of cancer. Studies have found that the hSnf5/Ini1 gene is mutated in many pediatric cancers (11, 18, 54, 58, 63) , indicating that it is a tumor suppressor gene. Furthermore, heterozygous Snf5/ Ini1 knockout mice develop nervous system and soft tissue sarcomas, whereas homozygous mutations result in embryonic lethality (21, 31, 53) . A second component of human SWI/SNF complexes, BRG1, has also been implicated as a tumor suppressor and as a target for mutation in human cancer (69) . BRG1 is also an important regulator of cell growth through its interactions with the tumor suppressor pRb (14, 55, 75) . A BRG1-containing SWI/SNF complex was recently purified via association with the tumor suppressor and transcriptional regulator BRCA1 through a direct interaction between BRG1 and BRCA1 (4) . Our experiments have shown that the yeast homologs of hSnf5/Ini1 and BRG1 can facilitate interactions of the SWI/SNF chromatin remodeling complex with DNA-binding transcription activators. Other studies have demonstrated the interaction of these human SWI/SNF subunits with DNAbinding factors (see above). These studies suggest that hSnf5 and BRG1 are essential for the proper regulation of genes encoding other tumor suppressors by facilitating the recruitment of SWI/SNF. In addition, these SWI/SNF subunits might link chromatin-remodeling activity to target genes of some tumor suppressor proteins, namely, pRb and BRCA1, via direct interactions with these proteins.
